Cytokines are critical in regulating the development and function of diverse cells. Janus kinase 3 (Jak3) is a tyrosine kinase expressed in hematopoietic cells that associates with the common gamma chain (␥c) and is required for signaling for a family of cytokines including interleukin-2 (IL-2), IL-4, IL-7, IL-9, IL-15, and IL-21; deficiency of either Jak3 or ␥c results in severe combined immunodeficiency (SCID). While Jak3 is essential for lymphoid-cell development, the potential roles for Jak3 in regulating dendritic cells (DCs) were unclear. Herein, we show that although CD8 ؉ CD11c ؉ splenic DCs are absent in Jak3 ؊/؊ mice, bone marrowderived DCs developed normally in vitro from Jak3 ؊/؊ precursor cells. In fact, the survival of Jak3 ؊/؊ DCs was enhanced, and they expressed lower levels of proapoptotic proteins. Jak3 ؊/؊ DCs exhibited normal antigen uptake and up-regulation of costimulatory molecules. However, Jak3 ؊/؊ DCs produced more IL-12 and IL-10 in response to Toll-like receptor ligands, which correlated with enhanced T helper 1 (Th1) differentiation in vivo. In summary, Jak3 is not essential for DC development but unexpectedly appears to be an important negative regulator. These results may be relevant clinically for patients with SCID who have undergone hematopoietic stem cell transplantation and for patients who might be treated with a Jak3 inhibitor. (Blood. 2005;106: 3227-3233)
Introduction
The development and differentiation of all lineages of hematopoietic cells is exquisitely regulated by multiple cytokines. 1 Interleukin-7 (IL-7), for example, has critical functions in regulating the development of T and B cells, whereas IL-15 is an important regulator of natural killer cells. 2, 3 Moreover, the differentiation of T cells to helper cells, effector cells, and memory cells is also controlled by cytokines. 2, [4] [5] [6] Accordingly, defects in expression of these cytokines or their receptors profoundly affect the development and differentiation of lymphocytes. In humans, this is evidenced by the disorder severe combined immunodeficiency (SCID), which can be due to mutation of the common gamma chain (␥c) or mutation of IL-7 receptor (IL-7R) itself. [7] [8] [9] [10] The first step in cytokine signal transduction is the activation of Janus family kinases, which comprise 4 members-Jak1, Jak2, Jak3, and Tyk2-that associate with different cytokine receptors. [11] [12] [13] Jak3 associates with ␥c and is critical for cytokines that use this receptor subunit. Humans and mice deficient in Jak3 also suffer from SCID. [13] [14] [15] [16] [17] [18] Together, mutations of IL-7R, ␥c, and Jak3 account for almost two thirds of SCID, consistent with the critical roles of cytokine-mediated signaling in lymphoid development and function.
Dendritic cells (DCs) are also key players in the immune response, linking innate and adaptive responses. As immature cells, DCs are scattered throughout the body in nonlymphoid organs where they exert a sentinel function by taking up antigen and initiating inflammatory and immune responses. After encountering antigen, DCs mature and migrate to regional lymph nodes. Activated DCs express high levels of costimulatory molecules (CD40, CD80, and CD86) and major histocompatibility complex (MHC) molecules. Inflammatory stimuli, microbial products, and cognate T-cell signals such as CD40 ligand (CD40L) can all induce a program of maturation in DCs and induce the secretion of cytokines such as IL-12. Consequently, DCs stimulated in this manner are very efficient activators of T cells, promoting the differentiation of naive T cells into T helper 1 (Th1) cells. 4 In terms of development, the origin of DCs remains murky. While it is clear that they can be generated from myeloid cells, it is also clear that lymphoid precursors contain cells that can differentiate into DCs. 19, 20 Given the profound effect of Jak3 and its cognate cytokines on lymphoid development, it was of interest to examine DC development and function in Jak3-deficient mice. In this regard, it is known that Jak3 is expressed in myeloid cells, where it is inducible in response to cytokines and Toll-like receptor (TLR) ligands, whereas ␥c is constitutively expressed. 21, 22 In contrast to the dramatic defects in lymphocyte maturation, however, no intrinsic defects have been found in myeloid cells lacking Jak3. 21, [23] [24] [25] Moreover, after hematopoietic stem cell transplantation, myeloid lineage cells are still predominantly of recipient origin, suggesting that Jak3-dependent signals are dispensable in myeloid cells. 26 Jak3 Ϫ/Ϫ mice show abnormal expansion and infiltration of organs by myeloid lineage cells; however, this is thought to be a consequence of activated T cells that accumulate in aging Jak3 Ϫ/Ϫ mice. 27 Therefore, one would predict that, to the extent that DCs are related to myeloid cells, their development should not be impaired in Jak3-and ␥c-deficient mice.
We were therefore interested in investigating the role of Jak3 in DC function and the ability of Jak3 Ϫ/Ϫ DCs to regulate T-cell differentiation. We also sought to compare and contrast Jak3 and ␥c deficiency to determine if ␥c-independent functions of Jak3 were apparent. Herein, we report that Jak3 Ϫ/Ϫ bone marrow-derived DCs (BMDCs) developed and matured normally. Surprisingly, Jak3 Ϫ/Ϫ and ␥c Ϫ/Ϫ DCs exhibited a higher survival rate upon cytokine removal. They produced higher levels of IL-12 and IL-10 upon stimulation with TLR ligands, and normal T cells responded to Jak3 Ϫ/Ϫ DCs by producing relatively higher levels of interferon-␥ (IFN-␥). Together these data indicate that Jak3 and ␥c are not required for DC development or signaling through TLRs. However, they do serve to negatively regulate DC survival and cytokine production.
Materials and methods

Mice
Jak3 Ϫ/Ϫ (B6;129S4-Jak3 tm1Ljb /J), ␥c Ϫ/Ϫ (B6.129S4-Il2rg tm1Wjl ), and wildtype C57BL/6J mice were purchased from The Jackson Laboratory (Bar Harbor, ME). IL-15 Ϫ/Ϫ (C57BL/6-IL15 tm1Imx ), OTII TCR transgenic mice (CD45.2 ϩ ), and C57BL/6 (CD45.1 ϩ ) congenic mice were purchased from Taconic (Germantown, NY). Jak3 Ϫ/Ϫ and ␥c Ϫ/Ϫ mice were bred under specific pathogen-free conditions at the National Institutes of Health (NIH) and were used between 6 to 12 weeks of age in accordance with institutional animal care guidelines.
Reagents
The following items were purchased: lipopolysaccharide (LPS) from Escherichia coli serotype 055:B5, Zymosan A from Saccharomyces cerevisiae (Sigma, St Louis, MO), cytosine-phosphate-guanosine (CpG) DNA (5Ј-TCCATGACGTTCCTGACGTT-3Ј) (Lofstrand Labs, Gaithersburg, MD), peptidoglycan from Staphylococcus aureus (Fluka, St Louis, MO), Poly I:C (Amersham, Freiburg, Germany), IFN-␥ (Peprotech, Rocky Hill, NJ), fluorescein isothiocyanate (FITC)-conjugated albumin (Sigma), and WHI-P-154 (Calbiochem, San Diego, CA). Quantikine M enzyme-linked immunosorbent assay (ELISA) kits were from R&D Systems (Minneapolis, MN). The following monoclonal antibodies were purchased from Pharmingen (San Diego, CA): FITC-conjugated anti-CD11c, phycoerythrin (PE)-conjugated anti-CD4, PE-conjugated anti-Gr1, PE-conjugated anti-IFN-␥, peridinin-chlorophyII-protein complex (PerCP)-conjugated anti-CD8, PerCP-conjugated anti-B220, PE-conjugated antigoat, and PE-conjugated anti-CD25.
Cells and cell lines
DC-enriched low-density cell fractions from Liberase CI (Roche, Indianapolis, IN)-treated spleens were prepared using 30% bovine serum albumin (BSA) in phosphate-buffered saline (PBS) as described. 28 To generate BMDCs, cells were obtained from femurs and tibias of 6-to 12-week-old mice, and cultured at 1 ϫ 10 6 cells/mL in RPMI 1640 medium with 10% fetal calf serum (Biosource, Camarillo, CA), 100 U/mL penicillin, 100 g/mL streptomycin, 2 mM L-glutamine, 100 mM HEPES (N-2-hydroxyethylpiperazine-NЈ-2-ethanesulfonic acid), 1 mM sodium pyruvate, and 5 M 2-mercaptoethanol. The medium was supplemented with 40 ng/mL granulocyte-macrophage colony-stimulating factor (GM-CSF) and 20 ng/mL IL-4 (Peprotech). On days 3 and 5, fresh media equal to half of the initial culture volume containing 40 ng/mL GM-CSF was added to culture. On day 7, nonadherent cells were collected, and dead cells were eliminated by centrifugation over Ficoll (Amersham Biosciences, Uppsala, Sweden). CD11c ϩ DCs were isolated by positive selection with FITC-conjugated anti-mouse CD11c and magnetic separation using anti-FITC microbeads (Miltenyi Biotech, Auburn, CA) and an AUTOMACS (Miltenyi Biotech) according to the manufacturer's instructions. The purity of the cell population was determined to be more than 90% CD11c ϩ by flow cytometry.
Human monocyte-derived DCs (MoDCs) were prepared from elutriated monocytes (Department of Transfusion Medicine, NIH, Bethesda, MD) by culturing the cells with GM-CSF (50 ng/mL) and IL-4 (10 ng/mL; Peprotech) for 7 days. Nonadherent cells collected on day 7 were found to be CD14 Ϫ . NIH3T3-SAMEN and NIH3T3-CD154 were generated by transduction of the murine NIH3T3 fibroblast line with an empty retroviral vector (SAMEN) or retroviral vector encoding full-length transmembrane murine CD40L and were kindly provided by Dr Patrick Hwu (University of Texas).
Western blotting, quantitative reverse transcriptasepolymerase chain reaction (RT-PCR), RNase protection assays, and ELISA Human MoDCs and murine BMDCs were stimulated for 24 hours and lysed in buffer containing 50 mM Tris (tris(hydroxymethyl)aminomethane)-HCl (pH 7.5), 300 mM NaCl, 2 mM EDTA (ethylenediaminetetraacetic acid), 0.5% TritonX-100 (Sigma), 200 M Na 3 VO 4 , 10 g leupeptin, 10 g aprotinin, and 2.5 M p-nitrophenyl-p-guanidinobenzoate. Protein concentration was quantified with a bicinchonic acid (BCA) kit (Pierce, Rockford, IL). Lysates (100 g) were separated by sodium dodecyl sulfatepolyacrylamide gel electrophoresis (SDS-PAGE), transferred to nitrocellulose membranes, and immunoblotted with antibodies to Jak3. Total RNA was isolated from BMDCs with RNeasy minikit (Qiagen, Valencia, CA) and reverse-transcribed using a first-strand cDNA synthesis kit (Roche). Real-time PCR was performed using the ABI PRISM 7700 Sequence Detection System (Applied Biosystems, Foster City, CA). Amplification of 18s mRNA was done for each experimental sample as an endogenous control to account for differences in the amount and quality of total RNA added to each reaction. Relative levels of Bax and Bak were normalized to 18s levels. The data are presented as relative to the unstimulated control for each individual experiment, which was arbitrarily designated a value of 1.0.
RNase protection assays were performed with the RPAIII Ribonuclease Protection Assay Kit (Ambion, Austin, TX) with the mAPO-2 Multi-Probe Template Set (Pharmingen) according to the manufacturer's instructions. Protected RNA fragments were resolved on a 6% polyacrylamide-urea gel under denaturing conditions followed by densitometric quantification by Storm (Molecular Dynamics, Sunnyvale, CA). Internal standards (L32 and glyceraldehyde 3-phosphate [GAPDH]) were used to normalize for sample loading. For cytokine measurement, purified DCs (10 6 /mL) were cultured in a 96-well plate with the appropriate stimulus. After 24 hours, supernatants were collected and Quantikine M ELISA kits (R&D Systems) were used to assess cytokine levels, according to the manufacturer's instructions. In selected experiments, a Cytometric bead array mouse inflammation kit (Pharmingen) was used.
Adoptive transfer of DCs
CD4 ϩ T cells from OTII TCR transgenic mice (CD45.2 ϩ ) were isolated from peripheral lymph nodes of donor mice by incubating with FITCconjugated anti-I-Ab, anti-CD24, anti-CD16 (2.4G2), anti-CD8, anti-B220 and anti-NK1.1, followed by anti-FITC microbeads (Miltenyi Biotech). After magnetic separation using an LS column (Miltenyi Biotech), isolated T cells (3 ϫ 10 6 ) were injected intravenously from tail vein into C57BL/6 congenic mouse (CD45.1 ϩ ). Concomitantly, BMDCs from Jak3 Ϫ/Ϫ and wild-type mice (1 ϫ 10, 6 CD45.2 ϩ ) were pulsed with ovalbumin 329-339 (OVA 329-339 ) peptide (OVAp; Research Services Branch, NIAID, NIH) and injected into footpads of the mice that had received the T cells. Three and a half days later, axillary lymph nodes were collected and single-cell suspensions were made. The cells were restimulated with anti-mouse CD28 (3 g/mL) and OVAp (1 M) for 6 to 8 hours. Brefeldin A was added for the last 4 hours of culture, and the cells were fixed with 2% paraformaldehyde and permeabilized with PBS supplemented with 0.1% BSA plus 0.1% saponin, and intracellular staining was performed with FITC-conjugated anti-CD45.2, PE-conjugated anti-IFN-␥, and allophycocyanin (APC)-conjugated anti-CD4. Cells were gated on CD45. 
Bone marrow transplant
Six million total bone marrow cells were injected into the lateral tail vein of lethally irradiated Rag2 knock-out recipients, using a 1:1 mixture of wild-type (CD45.1 ϩ ) and Jak3 Ϫ/Ϫ (CD45.2 ϩ ) bone marrow. After 6 to 8 weeks, spleens were harvested, stained for DC populations, and analyzed by flow cytometry. Cells generated from Jak3 Ϫ/Ϫ and wild-type precursors were assessed by determining CD45.1 and CD45.2 expression on CD11c ϩ and CD11b ϩ populations using FlowJo software.
Results
Jak3 and receptors that use Jak3 are induced in DCs
To evaluate potential functions of Jak3 in DCs, we first examined Jak3 expression in these cells and assessed whether the levels correlated with differentiation. As shown in Figure 1A (top panel), Jak3 was expressed at low levels in immature MoDCs. However, upon stimulation with TLR ligands, including LPS, peptidoglycan (PGN), zymosan, and CpG oligonucleotides, Jak3 was markedly induced in a manner similar to that reported in macrophages. 21 By contrast, in murine BMDCs, Jak3 was expressed in immature DCs and its expression level did not change upon maturation. The levels of Jak3 in BMDCs were confirmed by assessment of mRNA by real-time PCR and were consistent with the protein expression ( Figure 1, lower panel) . Concomitantly, receptors for IL-2 and IL-15, which use ␥c and Jak3, were induced in both MoDCs and BMDCs ( Figure 1B-C) , although we did not find alteration in expression of IL-7 receptor expression ( Figure 1B) . The levels of ␥c did not change with activation (data not shown). 21, 22 These results show that Jak3 and receptors that use this kinase are present in DCs, suggesting that they may play a role in DC development or function.
Abnormalities in splenic DC subsets associated with Jak3 deficiency
Murine splenic DCs express the surface molecule CD11c. As shown in Figure 2A , approximately 40% of the DC-enriched fraction from splenocytes in normal mice expresses this marker (upper left panel). In contrast, the proportion of CD11c ϩ DCs in Jak3 Ϫ/Ϫ mice was significantly reduced (Figure 2A [lower left panel] and Figure 2B ). In addition, the number of splenocytes was reduced in Jak3 Ϫ/Ϫ mice, and thus the absolute number of CD11c ϩ cells was also reduced ( Figure 2B ; also see Supplemental Figure  S1 , available at the Blood website by clicking on the Supplemental Figures link at the top of the online article). Furthermore, ␥c Ϫ/Ϫ mice also had reduced numbers of splenocytes and also exhibited similar reduction in the proportions and absolute numbers of CD11c ϩ DCs (Supplemental Figure S1 ; data not shown). Within the spleen, at least 4 DC subsets are recognized: CD11c hi CD4 Ϫ CD8 ϩ , CD11c hi CD4 ϩ CD8 Ϫ , CD11c hi CD4 Ϫ CD8 Ϫ DCs, and CD11c int B220 ϩ Gr1 ϩ . [29] [30] [31] [32] The CD4 ϩ CD8␣ Ϫ population (CD4 ϩ DCs) was found to be the predominant DC subset (46%) in control mice (Figure 2A , upper middle panel), consistent with previous reports, whereas the CD4 Ϫ CD8␣ ϩ population (CD8 ϩ DCs) represented approximately 20% of cells. 29, 30 In contrast, the proportion and absolute number of CD8 ϩ DCs were greatly reduced in spleens from Jak3 Ϫ/Ϫ mice. The proportion and numbers of CD4 ϩ DCs in Jak3 Ϫ/Ϫ mice were also reduced (Figure 2A-B) . However, plasmacytoid DCs (CD11c int , Gr-1 ϩ , B220 ϩ ) were observed with the same frequency in spleens of Jak3 Ϫ/Ϫ mice as wild-type mice (Figure 2A , right panel), and there was no significant difference in absolute number of cells ( Figure 2B ). Normally, in the absence of stimulation, CD11c ϩ DCs express low levels of the costimulatory molecules CD80, CD86, and CD40, and express moderate levels of MHC class II ( Figure 2C, dashed lines) ; such DCs are referred to as immature DCs. However, splenic DCs 
Jak3 Ϫ/Ϫ mice constitutively expressed high levels of these activation markers ( Figure 2C, solid lines) . Thus, Jak3 Ϫ/Ϫ mice had reduced numbers of DCs, which appeared to be activated.
Normal in vitro development and maturation of Jak3 ؊/؊ DCs
Given the abnormalities in splenic DC populations in Jak3 Ϫ/Ϫ mice, we next sought to determine if this was a cell-intrinsic defect. Lymphocytes from Jak3 Ϫ/Ϫ mice have an activated phenotype. 33 These mice also exhibit T-cell-dependent expansion of myeloid cells. 27 Thus, it was possible that the DC alterations were not due to a cell-intrinsic defect but could be the result of the immune dysregulation seen in Jak3 Ϫ/Ϫ mice. To determine if Jak3 Ϫ/Ϫ DCs had the capacity to develop and function normally, we isolated bone marrow precursors and differentiated DCs in vitro. As shown in Figure 3A , both wild-type and Jak3 Ϫ/Ϫ BM cells showed similar capacity to generate CD11c ϩ cells. These cells also showed normal expression of DC maturation markers, confirming that immature DCs were generated ( Figure 3B ). DCs can also be generated in vitro using bone marrow cultured with Flt3 ligand (Flt3L). 34 Both wild-type and Jak3 Ϫ/Ϫ BM cells showed similar capacity to generate immature CD11c ϩ cells when this stimulus was used (Supplemental Figure S2A) . Additionally, these cells had similar expression of maturation markers, before and after stimulation with TLR ligands (data not shown). We confirmed these findings by transplanting irradiated mice with wild-type and Jak3 Ϫ/Ϫ bone marrow and found that equivalent numbers and proportions of DCs were generated (Supplemental Figure  S2B-C) . Thus, we conclude from these data that Jak3 is not required for DC development. The abnormal populations and maturation of DCs in spleens of Jak3 Ϫ/Ϫ mice are not the result of an intrinsic defect; rather they are likely secondary effects due to the immune abnormalities evident in these mice.
While the in vitro differentiated Jak3 Ϫ/Ϫ DCs were phenotypically normal, we did not know if their function was normal. Since immature DCs are highly active phagocytic cells, we first analyzed this aspect of DC function. When wild-type and Jak3 Ϫ/Ϫ DCs were pulsed with FITC-labeled albumin, both showed similar capability of micropinocytosis ( Figure 3C ).
Using a nonspecific inhibitor, WHI-P-154, it has been proposed that Jak3 is important for DC maturation and cytokine production. 35 To examine the role for Jak3 in this process, we analyzed Jak3 Ϫ/Ϫ DCs treated with the inhibitor. As shown in Figure 3D , stimulation of BMDCs with LPS and CD40L up-regulated the expression of the costimulatory molecule CD86 (left panel), and the inhibitor completely blocked this induction ( Figure 3E , left panel). However, CD86 was induced in Jak3 Ϫ/Ϫ BMDCs at levels comparable with wild-type cells ( Figure 3D, right panel) . Moreover, the putative inhibitor effectively blocked expression of CD86 even on cells that lack Jak3 ( Figure 3E, right panel) . Thus, we conclude that Jak3 is not required for DC maturation, and the reported effects of the inhibitor are due to its lack of specificity. 36 
Prolonged survival of Jak3 ؊/؊ DCs
Because ␥c cytokines regulate the survival of lymphoid cells, we next examined whether ␥c or Jak3 is involved in DC survival. Since the numbers of DCs generated in vitro and in bone marrow transplant studies were normal, we did not expect major defects in cell viability; however, we wanted to directly assess DC survival. To promote DC apoptosis, we cultured the cells in the absence of cytokines. As shown in Figure 4A -B, 90% of DCs became annexin V and propidium iodide (PI) positive 24 hours after cytokine withdrawal. As expected, the number of viable cells continued to decline, such that there were essentially no live cells by 48 hours. This is in marked contrast to Jak3 Ϫ/Ϫ DCs, which were remarkably resistant to cytokine withdrawal; at 48 hours, 30% to 60% of DCs were still viable as determined by annexin V/PI staining. Because of their association, we expected that Jak3 and ␥c deficiency would be identical. As is evident in Figure 4A -B, this appears to be the case; ␥c Ϫ/Ϫ DCs were also resistant to cytokine withdrawalinduced apoptosis. To help define which ␥c cytokines might regulate DC survival, we analyzed DCs from IL-15 Ϫ/Ϫ mice. As shown in Figure 4A -B, IL-15 Ϫ/Ϫ BMDCs also showed enhanced survival compared with wild-type BMDCs.
To begin to explore the mechanism responsible for the prolonged survival of Jak3 Ϫ/Ϫ and ␥c Ϫ/Ϫ BMDCs, we next analyzed the expression of proapoptotic proteins. We observed decreased expression of Bax and Bak in Jak3 Ϫ/Ϫ BMDCs, while no significant differences were observed in Bcl-2 and Bcl-xL expression. Thus, Jak3 seems to negatively regulate apoptosis by up-regulating Bak and Bax expression in DCs. Upon encounter with pathogens, DCs are activated to produce a number of immunoregulatory cytokines that have critical functions in directing immune responses. We therefore assessed the ability of Jak3 Ϫ/Ϫ DCs to produce various cytokines. To this end, wild-type, Jak3 Ϫ/Ϫ , and ␥c Ϫ/Ϫ BMDCs were treated with either LPS or CpG oligonucleotides alone or in combination with IFN-␥, and the production of IL-12, IL-10, tumor necrosis factor ␣ (TNF-␣), and IL-6 was assessed ( Figure 5 ). Upon stimulation with LPS or CpG oligos, wild-type DCs showed induction of IL-12p70 production, which was enhanced when IFN-␥ was added. Of interest, Jak3 Ϫ/Ϫ and ␥c Ϫ/Ϫ BMDCs showed spontaneous production of IL-12p70, which was induced to significantly greater levels following stimulation compared with wild-type DCs ( Figure 5A ). Stimulation of wild-type BMDCs with LPS or CpG oligos also induced IL-10 production, but the addition of IFN-␥ suppressed the production. Conversely, Jak3 Ϫ/Ϫ and ␥c Ϫ/Ϫ BMDCs showed spontaneous production of IL-10, which was enhanced 2-to 4-fold upon stimulation, and was 3-to 5-fold higher compared with wild-type BMDCs. IFN-␥ attenuated this induction, but both Jak3 Ϫ/Ϫ and ␥c Ϫ/Ϫ cells still showed 3-to 8-fold higher production of IL-10 compared with wild-type BMDCs ( Figure 5B ). In contrast, the production of TNF-␣ and IL-6 was similar in wild-type and Jak3 Ϫ/Ϫ and ␥c Ϫ/Ϫ cells ( Figure 5C-D) . We also found similar results with cytometric bead array (data not shown). Thus, we conclude that Jak3-dependent signals are essential for constraining the production of selected cytokines in DCs.
Jak3 ؊/؊ BMDCs promote enhanced Th1 differentiation in vivo
To understand the in vivo correlate of the dysregulated cytokine production, we next examined the ability of Jak3 Ϫ/Ϫ BMDCs to regulate CD4 ϩ T-cell differentiation in an adoptive transfer model. OVApspecific OTII transgenic CD4 ϩ T cells were administered intravenously to C57BL/6 congenic mouse. Simultaneously, peptide-pulsed BMDCs were injected subcutaneously and the frequency of IFN-␥-producing T cells in draining lymph nodes was enumerated 3 days later. In the absence of injected BMDCs, IFN-␥ production was virtually absent (Figure 6 ). When wild-type BMDCs were injected in the absence of cognate antigen, less than 1% of T cells produced IFN-␥. In contrast, the number of IFN-␥-producing cells was enhanced to 3% when OVAp-pulsed wild-type BMDCs were used as a stimulus. However, when Jak3 Ϫ/Ϫ BMDCs were used, the proportion of IFN-␥-producing cells increased to more than 12% (P Ͻ .001). Thus, we conclude that loss of Jak3-mediated signals can promote DC IL-12 production, which can cause exaggerated Th1 differentiation.
Discussion
To explore the role of Jak3 in DC development and function, herein we analyzed DCs from Jak3 Ϫ/Ϫ and ␥c Ϫ/Ϫ mice. Our studies showed that ␥c-associated cytokine receptors and Jak3 expression were induced by TLR ligands. However, neither ␥c nor Jak3 was essential for DC development and maturation. CD8 ϩ DCs were reduced in spleens from Jak3 Ϫ/Ϫ mice; however, Jak3 Ϫ/Ϫ BMDCs developed normally in vitro, suggesting that this was not the result of an intrinsic defect. Unexpectedly, Jak3 was found to be important for DC function by negatively regulating apoptosis and cytokine production. The overproduction of IL-12 by Jak3 Ϫ/Ϫ BMDCs resulted in enhancement of T-cell IFN-␥ production. In all cases, ␥c deficiency was entirely congruent with Jak3 deficiency. For personal use only. on March 31, 2017 . by guest www.bloodjournal.org From
Loss of CD8 ؉ splenic DCs
Although there was marked reduction in CD8 ϩ DCs in spleens of Jak3 Ϫ/Ϫ mice, in vitro culture of BMDCs suggested that the decreased number of CD4 ϩ DCs and loss of CD8 ϩ DCs was not an intrinsic defect (Figures 2A-B, 3A) . In agreement with this conclusion, Berg and colleagues have analyzed chimeric mice reconstituted with a mixture of wild-type and Jak3 Ϫ/Ϫ bone marrow and found that Jak3 Ϫ/Ϫ DCs developed normally (Leslie Berg et al, manuscript submitted). This is in agreement with our results (Supplemental Figure S2A-B ). An alternative explanation, therefore, might be that the loss of CD8 ϩ DCs is the result of the T-cell-dependent immunodysregulation noted in Jak3 Ϫ/Ϫ mice. 27, 33 Since T cells are known to kill DCs, [37] [38] [39] we speculate that this might be one mechanism by which Jak3 Ϫ/Ϫ DCs are removed. Splenic DCs in Jak3 Ϫ/Ϫ mice also have higher expression of maturation markers compared with wild-type splenic DCs. One explanation for this phenotype may be that abnormally expanded and activated Jak3 Ϫ/Ϫ T cells both activate and kill DCs. CD8 ϩ splenic DCs are known to have a shorter lifespan compared with other subsets of DCs in spleen and this may also contribute to the preferential loss of splenic CD8 ϩ DCs in Jak3 Ϫ/Ϫ mice. 40
Jak3 and ␥c as negative regulators of DCs
For lymphoid cells, a critical, nonredundant function of Jak3 appears to be its role in providing survival signals. Jak3 Ϫ/Ϫ mice display high levels of spontaneous apoptosis, and Jak3 is thought to be required for the proper regulation of the Bcl-2 family proteins. 41 ,42 Surprisingly, we found that in DCs, loss of Jak3 was associated with down-regulation of the proapoptotic proteins Bax and Bak, and prolonged survival of Jak3 Ϫ/Ϫ BMDCs in conditions of cytokine withdrawal. IL-15 deficiency also enhanced survival, suggesting that this cytokine promoted DC apoptosis ( Figure  4A-B) . While these effects may seem paradoxical, it should be kept in mind that promotion of apoptosis by ␥c cytokines is not without precedent. Even in T cells, ␥c cytokines can promote apoptosis under specific circumstances. 43 It is intriguing to consider what the mechanism of this proapoptotic effect might be. The major cytokines that promote DC development and keep the cells alive in vitro are GM-CSF and IL-4. In this regard, it should be noted that IL-4 signaling can occur independently of ␥c and Jak3. 44 Precisely how activation of Jak3 might promote apoptosis in the setting of cytokine withdrawal is not clear. Suppressor of cytokine signaling (SOCS) proteins are cytokine-inducible negative regulators of cytokine signaling. One could imagine a scenario in which ␥c cytokines could enhance the expression of such negative regulators of cytokine signaling; however, we did not see alterations in the level of SOCS-1 and SOCS-3 in Jak3 Ϫ/Ϫ or ␥c Ϫ/Ϫ BMDCs (data not shown). In addition to direct effects on cell proliferation and survival, cytokines also regulate cell metabolism. 45 It is intriguing to consider that Jak3 activation in the context of cytokine starvation might also have metabolic effects that augment apoptosis.
Another surprising observation in our study is the enhanced IL-12 and IL-10 production in the Jak3 Ϫ/Ϫ and ␥c Ϫ/Ϫ BMDCs. Transcription factors that contribute to IL-12 p40 regulation include: nuclear factor -B (NF-B), c-Rel, interferon regulatory factor 8 (IRF-8), and Ets family proteins. NF-B and IRF family members also promote cell survival. It is intriguing to speculate that if Jak3 deficiency enhanced expression of such a transcription factor, this could promote IL-12 production and inhibit apoptosis. However, it is also not clear how Jak3 might negatively regulate such transcription factors. The mechanisms underlying the regulation of IL-12 are better understood than those of IL-10. Indeed, it has been suggested that a major aspect of IL-10 regulation is posttranscriptional control. 46, 47 It is therefore difficult to envision a single mechanism that links up-regulation of IL-12 and IL-10 production and enhanced survival.
Clinical implications
Existing inhibitor studies argue that inhibition of Jak3 blocks DC function. However, we conclude that this is not likely to be the case and relates more to the lack of specificity of the inhibitor. This was most dramatically established by the finding that the putative Jak3 inhibitor very effectively inhibits activation of Jak3-deficient cells. This underscores that this putatively selective Jak3 inhibitor has effects unrelated to Jak3 and indicates that studies using this inhibitor need to be interpreted with great caution. A new potent and highly selective Jak3 inhibitor has been developed. 36 The expectation is that patients treated with such an inhibitor should have normal DC development and antigen presentation. However, DC survival and cytokine production might be enhanced. This could enhance immune responses, although overproduction of IL-10 would be immunosuppressive. Nonetheless, it is not clear which dysregulated cytokine (IL-12 vs IL-10) would predominate in the clinical setting of Jak3 inhibition. Indeed, it will be important to determine whether dysregulation of either cytokine is clinically meaningful. This may also be pertinent to Jak3-SCID and X-SCID patients who have received hematopoietic stem cell transplants and are known to possess recipient origin monocytes. One wonders whether these cells would also exhibit enhanced survival and cytokine production and whether there might be circumstances where this could be clinically relevant.
In summary, our findings demonstrate that Jak3 is not essential for DC development and that Jak3 deficiency is entirely in line with ␥c deficiency. These findings are consistent with the lack of requirement for ␥c and Jak3 in myeloid-cell development. However, these molecules are critical for maintaining normal DC function by negatively regulating DC survival and cytokine production. This is an unexpected finding that points to new functions of ␥c cytokines in regulating DC functions. Elucidating the mechanism(s) underlying this negative regulation will be important and should lead to new insights in the control of DC function.
